Upper-mantle flow beneath the South Pacific is investigated by analysing shear wave splitting parameters at eight permanent long-period and broad-band seismic stations and 10 broad-band stations deployed in French Polynesia from 2001 to 2005 in the framework of the Polynesian Lithosphere and Upper Mantle Experiment (PLUME). Despite the small number of events and the rather poor backazimuthal coverage due to the geographical distribution of the natural seismicity, upper-mantle seismic anisotropy has been detected at all stations except at Tahiti where two permanent stations with 15 yr of data show an apparent isotropy. The median value of fast polarization azimuths (N67.5 • W) is parallel to the present Pacific absolute plate motion direction in French Polynesia (APM: N67 • W). This suggests that the observed SKS fast polarization directions result mainly from olivine crystal preferred orientations produced by deformation in the sublithospheric mantle due to viscous entrainment by the moving Pacific Plate and preserved in the lithosphere as the plate cools. However, analysis of individual measurements highlights variations of splitting parameters with event backazimuth that imply an actual upper-mantle structure more complex than a single anisotropic layer with horizontal fast axis. A forward approach shows that a two-layer structure of anisotropy beneath French Polynesia better explains the splitting observations than a single anisotropic layer. Secondorder variations in the measurements may also indicate the presence of small-scale lateral heterogeneities. The influence of plumes or fracture zones within the studied area does not appear to dominate the large-scale anisotropy pattern but may explain these second-order splitting variations across the network.
I N T RO D U C T I O N
The Pacific Plate, which is almost entirely of oceanic origin, is one of the largest and fastest-moving plates of our planet. The structure of oceanic lithosphere should in principle be controlled by the interplay between cooling and thickening and the deformation induced at the base of the lithosphere by the motion of the plate relative to the deeper mantle (Schubert et al. 1976; Tommasi 1998) . However, the small-scale structure of the upper mantle beneath the Pacific is not yet well known, due to the difficulty in deploying geophysical instruments in remote oceanic environments. In particular, there is a lack of permanent seismic stations providing the necessary observations to determine accurate upper-mantle tomographic images, to map the mantle flow, or to measure the depth of the major discontinuities. Global and regional surface wave tomographic models (e.g. Nishimura & Forsyth 1989; Montagner & Tanimoto 1991; Ekström & Dziewonski 1998; Montagner 2002; Maggi et al. 2006a,b) , body wave global tomographic models (e.g. Grand et al. 1997; van der Hilst et al. 1997; Montelli et al. 2004 ) and bathymetric data (Smith & Sandwell 1994; Jordahl et al. 2004 ) have indeed rather poor resolution in the South Pacific. Although information on mantle plumes location has been derived from the analysis of volcanic structures and lineaments (e.g. Duncan & Richards 1991; Clouard & Bonneville 2005) , the depth origin of these plumes and their effect on the overlying lithosphere are also still debated.
In order to constrain the structure of the South Pacific upper mantle, we deployed a temporary network of 10 broad-band threecomponent seismic stations on French Polynesia Islands (Fig. 1) in the frame of the Polynesian Lithosphere and Upper Mantle Experiment (PLUME) (Barruol et al. 2002) . This South Pacific region is of particular interest since it lies far from any plate boundary, and it is large enough to sample oceanic lithosphere with ages varying between 30 and 100 Ma, as well as two major fracture zones, the Austral and Marquesas Fracture Zones. Moreover, the French Polynesia area is characterized by several volcanic island chains-the Society, Austral, Gambier and Marquesas archipelagos, that may represent hotspot tracks (Duncan & McDougall 1976; Clouard & Bonneville 2005) . These volcanic alignments are superimposed on the large South Pacific Superswell (McNutt et al. 1996; McNutt 1998) , characterized at the Earth's surface by a large-scale bathymetric anomaly (Sichoix et al. 1998; Adam & Bonneville 2005) , and at depth by a large-scale, low-velocity anomaly in the lowermost mantle Mégnin & Romanowicz 2000) . French Polynesia is, therefore, a unique area to study an oceanic plate affected by several plumes and to analyse the effect of plume activity on the lithosphere and asthenosphere structure and dynamics.
We focus in this paper on the mantle deformation that can be mapped beneath each seismic station by measuring the polarization anisotropy of teleseismic shear waves (e.g. Vinnik et al. 1984; Silver & Chan 1988; Silver & Chan 1991; Vinnik et al. 1992) . Seismic anisotropy in the upper mantle is broadly accepted to result from intrinsic elastic anisotropy of rock-forming minerals-particularly olivine in the upper mantle-and from their preferred orientations, which develop in response to tectonic flow (Nicolas & Christensen 1987; Mainprice et al. 2000) . A direct way to measure the uppermantle seismic anisotropy at the Earth's surface is to use the splitting of teleseismic shear waves: a polarized shear wave propagating in an anisotropic medium is split into two perpendicularly polarized waves that travel at different velocities. Two parameters of anisotropy can be retrieved from three-component seismic records: the difference in arrival time (δt) between the two split shear waves, which depends on the thickness and on the intrinsic anisotropy of the medium, and the azimuth of the fast split shear wave polarization planes, which is related to the orientation of the anisotropic structure. Measurement of teleseismic shear wave splitting can, therefore, be used to probe frozen or active mantle deformation beneath a station, with a lateral resolution of a few tens of kilometres and may provide crucial information on the past and present geodynamic processes that occurred in the oceanic upper mantle.
The PLUME experiment allowed us to investigate the uppermantle flow beneath the South Pacific Superswell by performing new splitting measurements of teleseismic shear phases in this until now poorly instrumented region. In this paper, we present and examine the observations of shear wave splitting from both temporary stations of the PLUME deployment and permanent stations in the South Pacific, and put them in relation with expected directions for asthenospheric flow, mantle plumes, small-scale convection and fossil anisotropy. We also discuss the potential presence and characteristics of two layers of anisotropy beneath the South Pacific.
E X P E R I M E N T, D ATA A N D M E T H O D O L O G Y

Permanent and temporary stations: the PLUME's setup
In late 2001 we deployed a network of 10 broad-band seismic stations as part of the PLUME experiment (see locations Fig. 1 and Table 1 ). These stations remained operational until August 2005. This deployment completes the broad-band seismic coverage in the Table 1 . Station location and mean splitting parameters, as calculated by the Silver & Chan (1991) method and determined by the stacking method of Wolfe & Silver (1998) Notes: The number of events taken into account is also listed. df is the number of degrees of freedom computed from the data with the method of Wolfe & Silver (1998 
Data availability and selection
In order to observe distinct, high signal-to-noise ratio SKS and SKKS phases, we selected teleseismic events located at distances larger than 85 • and of magnitude generally greater than 5.8. The origins and locations of the events used in this study, which are reported in Tables 2 and 3 , are taken from the U.S. Geological Survey (USGS) Preliminary Determination of Epicenters. Phase arrivals are computed using the IASP91 Earth reference model (Kennett & Engdahl 1991) . Although French Polynesia is surrounded by the seismicity generated by the circum-Pacific subduction zones, it lies in an unfavourable location for studies of core phases since most events occur at epicentral distances smaller than 85 • . To illustrate and quantify this limitation, we present in Fig. 2(a) the number of SKS events that can potentially be used for splitting studies at any place in the world. This representation is for the events during the year 2002 that have magnitudes larger than 6.0 and that are occurring at epicentral distances in the range between 85 • and 120 • . The pattern is rather similar for different years. The North American Plate appears to be the best-placed continental area for performing SKS splitting studies. On the other hand, the most challenging places for SKS splitting studies are located along the Western Pacific subduction zones and around the southern Atlantic Ocean, with less than 20 events by year. The Southern Pacific Ocean appears to be poorly covered, with less than 30 events potentially available each year for SKS splitting measurements.
Beside having a sufficient number of events, it is also important for SKS splitting studies to have a reasonable backazimuthal coverage since it helps to characterize the homogeneity of the anisotropic structure beneath the station and the presence of several layers of anisotropy, if any. We present in Fig. 2(b) the location of the events on which we performed shear wave splitting measurements, together with the 85 • and 120 • epicentral distance (optimum distance range to get energetic and clear individual core shear phases) to two important stations in the South Pacific area: Tahiti (PPT) and Pitcairn Island (PTCN). These great circles clearly show that most of the events that fulfill this condition are located in the western and northwestern Pacific. The South American subduction is too close to our network and only part of the Caribbean and the South Sandwich subduction zones are within the 85-120 • distance window, at least for the westernmost station of the network. Events occurring in the Philippines, Java, Japan trenches arrive in French Polynesia from W to NW backazimuths. Some rare events occurring in the Sandwich subduction zone provided some SE backazimuths. In summary, French Polynesia is characterized by rather poor backazimuthal coverage, with primary sampling of the NW quadrant. This observation is consistent with the result from Chevrot (2000) . His map of the normalized azimuthal coverage for epicentral distance between 90 • and 145 • for every location at the surface of the Earth shows that French Polynesia is not in a favourable region for obtaining good backazimuthal coverage. In the following analysis of the measurements, we will see that this coverage directly results in a large number of 'null' splitting measurements, that is, events for which the energy of the SKS phase appears to be restricted to the radial component, and a rather low number of observed split shear waves.
Single and multi-event analysis
In order to compensate for the small number of events available for shear wave splitting measurements, but also for the rather high noise level present on oceanic island stations, we determine the anisotropic parameters beneath the various stations by two different approaches: (i) the single event method (Silver & Chan 1991) White/dark colours represent areas with a large/small number of observable SKS events. French Polynesia lies in a rather unfavourable situation with about 30 potentially usable events per year. (b) Location of the events that contributed to the 300 splitting measurements of this study, 60 of which being 'non-null' events. Great circles represent the 85 • and 120 • epicentral distances from stations PPT (thick dashed lines) and PTCN (thin dashed lines) to better visualize the location of the seismic sources that can potentially be used for SKS splitting studies in the South Pacific area. that provides a pair of anisotropy parameters for each event and (ii) the multi-event analysis developed by Wolfe & Silver (1998) that calculates a pair of average anisotropy parameters for a set of several events.
The single event shear wave splitting method of Silver & Chan (1991) determines from a grid search the splitting parameters, and δt, that best minimize energy on the transverse component of the seismogram for a selected time window. We mainly used the SKS phase, but for some events occurring at large enough distance, we perform both SKS and SKKS splitting measurements for the same event. The data from permanent and portable seismometers were systematically investigated. This allowed performing more than 300 individual splitting measurements, 60 of which are non-null, that is, display clear splitting (reported in Table 2 ). For each event, the corresponding splitting parameters ( , δt) are listed in Tables 2   and 3 with their 2σ uncertainty, determined from the 95 per cent confidence interval, the split phase on which we performed the measurement, and the backazimuth of the event. We also ascribe a quality factor (good, fair or poor) to the measurements depending on the signal-to-noise ratio of the initial phase, the rectilinear polarization of the horizontal particle motion after anisotropy correction, and the correlation between the fast and slow split shear waves as proposed by Barruol et al. (1997) .
The multi event shear wave splitting measurement technique (Wolfe & Silver 1998) was initially developed to analyse noisy oceanic records (e.g. Russo & Okal 1998) . It simultaneously combines several individual splitting measurements at a given station by stacking and normalizing the contour plot of the energy on the corrected transverse component. This method determines the best pair of and δt that may explain the various waveforms. Such an Notes: Presented are the event information (date, time, location, backazimuth) and the corresponding splitting parameters, together with the 95 per cent confidence error and the overall quality of the measurement (g = good, f = fair, p = poor), as defined in the text. Notes: Here we present the event information (date, time, location and backazimuth) and the anisotropy parameters. 'Null' measurements indicated events for which no anisotropy has been detected, that is, when no energy was present on the transverse component. Some individual measurements marked as R&O and B&H were already published by Russo & Okal (1998) and by Barruol & Hoffmann (1999) , respectively. Lat and Long are latitude and longitude of the earthquake hypocenter. Backaz is the event backazimuth and Qual is the quality of the measurement. approach can be useful at stations with only few data and/or on sets of data showing a weak but real energy on the transverse component, suggesting that the core shear wave has really been split. It is however important to keep in mind the limitation of this method which assumes a homogeneous structure beneath the station. This condition is probably fulfilled if no backazimuthal variation is visible from the individual splitting measurements or if one performs the measurements on groups of data arriving from similar backazimuths, that is, sampling roughly the same anisotropic region. In this case, the stacking method yields more robust splitting parameters and reduces the 95 per cent confidence regions compared to the analyses of individual events.
Effect of microseismic noise on shear wave splitting measurements
Seismic stations installed on oceanic islands or in coastal environments are generally subject to high noise level in the 1-20 s period, due to the oceanic wave activity (Peterson 1993; Stutzmann et al. 2000; Berger et al. 2004; McNamara & Buland 2004) . The microseismic noise spectrum is generally characterized by a dominant peak centered around 5 s of period, called the 'double frequency peak' (hereafter called the DF peak), roughly centered on twice the swell dominant frequency (e.g. Bromirski & Duennebier 2002) . This worldwide feature is attributed to non-linear interactions between waves travelling in opposite directions (Longuet-Higgins 1950) , that might create standing waves in the ocean and elastic waves propagating in the ocean floor (Hasselmann 1963) . At most oceanic stations, a less energetic peak is also visible on the microseismic noise spectra at periods in the range 10-20 s. This peak is particularly visible at the seismic stations running in French Polynesia (Barruol et al. 2006 ). This 'single frequency peak' (hereafter called the SF peak), which is more energetic on the horizontal than on the vertical components, is in the same period range as the swell and is classically attributed to the conversion of swell energy into elastic waves by the continuous regime of pressure variations applied on the external slopes of the island (Hasselmann 1963) .
Since teleseismic shear waves are characterized by dominant periods around 10 s and by dominant ground motion in the horizontal plane, one has to be aware that part of the shear wave splitting signal could interact with part of the SF or DF microseismic noise, an effect that may be difficult to remove by frequency filtering (e.g. Hammond et al. 2005) . Noise analyses on data from South Pacific temporary and permanent stations (Barruol et al. 2006) showed that the microseismic noise in the DF band is not polarized, that is, the ground motion in this band is randomly oriented. In the absence of anisotropy beneath the receiver this part of the noise would not provide a non-null splitting measurement. On the other hand, it has been shown by these authors that the swell-induced seismic noise in the SF band is elliptically polarized in the horizontal plane. In this band, the strength of the polarization (i.e. the degree of particle motion linearity) has been demonstrated to be strongly correlated to the swell height and the direction of the ground motion polarization to be controlled either by the swell propagation direction or by the island geometry. These findings suggest that an SKS phase arriving during a strong oceanic swell event could be potentially contaminated by the microseismic noise, both signals being characterized by an elliptical particle motion in the horizontal plane.
In order to quantify the potential influence of such swell-related microseismic noise on the teleseismic shear wave splitting measurement, it is important to quantify the signal-to-noise ratio SNR1 of the SKS phase amplitude on the radial component related to the pre-event seismic noise amplitude. Such ratio will be indicative of the potential influence of the swell-induced ground polarization into the SKS-induced ground polarization. We analysed the seismic noise using the data preceding the P-wave arrival on the radial component, and we focused our analysis on the 26 events that provide good quality splitting measurements. We performed our analysis on about 10 min of data before the P wave, except for three events at PTCN and RAR where only 300 s were available for such noise measurement. On the raw signals, the measured SKS SNR1 varies from 0.9 to 18 with a mean of 5. The very low value of 0.9 corresponds to a particular event (2000 January 28) recorded at PTCN and characterized by a high frequency noise content. That event has been kept since the SNR ratio increased to 3 on the filtered data and provided a good splitting measurement. The SKS SNR measurements obtained on data filtered between 0.01 and 0.1 Hz provide SNR ranging between 3 and 128 with a mean of 26. Such high SNR clearly show that for all the 26 good non-null splitting measurements, the SKS signal clearly dominates the background noise in the same period range. This first argument suggests a very limited influence of the noise on the SKS splitting parameters. We also computed SNR2: the ratio of the radial signal amplitude (in the frequency band we usually perform our splitting measurements) to the radial SF noise. SNR2 ranges between 13 and 468 with a mean of 93. We found no correlation between the variation of SNR2 and the apparent splitting parameters variations suggesting very low influence of the swell related seismic noise on the measurements of anisotropy parameters.
The second critical parameter to be evaluated in this analysis of the swell/SKS signal interaction is the polarization direction of the pre-event, swell-related, microseismic noise compared to the teleseismic shear wave splitting measurements. Correlation of the azimuth of the fast split shear wave with the swell-induced ground motion polarization direction may imply that swell-related noise may be mapped as upper-mantle anisotropy. To evaluate the swellrelated microseismic noise polarization direction, we use the principal component analysis described by Barruol et al. (2006) to characterize the 3-D elliptical ground motion. The azimuth of the swell-related microseismic noise is determined by the direction of the eigenvector corresponding to the maximum eigenvalue of the covariance matrix. We compute the degree of linear polarization in the horizontal (CpH) and in the vertical plane (CpZ) for each preevent noise data, bandpass filtered in the SF band, between 0.05 and 0.077 Hz, that is, 13-20 s of period. These coefficients theoretically range from 0 to 1 and characterize the degree of linearity of a plane wave, a CpH value of 1 corresponding to a purely linear motion in the horizontal plane, and a value of 0 indicates a circular particle motion in the horizontal plane. About half of the pre-event noise measurements performed on the seismograms that provided good non-nulls SKS splitting measurements have CpH > 0.85 and CpZ > 0.87. This means that the swell-related noise in the SF band is characterized by a quasi-linear particle motion essentially in the horizontal plane. The azimuths obtained for the swell-induced ground polarization show however absolutely no correlation with the SKS fast direction that trend on average along NW-SE to WNW-ESE azimuth. Our measurements of swell-related noise polarization azimuths show instead clear correlation with the swell directions such as 195-212 • E at REA, 235 • E at ANA and 332 • E at TAK. These values are fully consistent with those observed by Barruol et al. (2006) , who, showed the presence of two dominant swell directions in French Polynesia: swells generated during the austral winter in the South Pacific and propagating across French Polynesia with azimuths between 200 • E and 230 • E, and swells generated in the northern Pacific during the boreal winter and propagating through the South Pacific along azimuths ranging 310 • E-330 • E. From the 26 good events we analysed, only one measurement of swell polarization (at RKT), shows a similar direction as the SKS fast direction, but the very high SKS SNR value of 76 obtained on the filtered signal demonstrates that, although the SKS and microseismic noise are polarized along similar directions, the SKS amplitude is much larger. The noise polarization would, therefore, have a very limited influence on the measurement of the fast SKS azimuth. Even if the fast split direction is not similar to the swell direction, the splitting measurement could be partially contaminated by the swell noise. That may be the case especially if the swell direction is parallel to the great circle. However, the high SNR of the good non-null splitting measurements show that the SKS signal clearly dominates the background noise.
In summary, we find that the swell-related microseismic noise in the SF frequency band is often responsible for a well polarized signal in the horizontal plane but its much lower amplitude compared with the SKS signal as well as the absence of correlation between the direction of fast split shear wave and the direction of swellrelated microseismic noise polarization suggest that the swell has very limited influence on the shear wave splitting measurements.
R E S U LT S : S H E A R WAV E S P L I T T I N G I N T H E S O U T H PA C I F I C
Analysis of individual splitting measurements yields resolvable delay times at all stations except at PPT and PPTL on Tahiti (the GEOSCOPE and LDG/CEA sensors are a few metres from each other) and at TAOE, a GEOSCOPE/CEA station recently installed on Nuku Hiva in the Marquesas. In this section, we first describe the results obtained by the single event analysis (examples shown in Fig. 3 ) with subsequent determination of weighted averages, following Silver and Chan (1991) weighting each individual non-null measurement by its σ and σ δ t (Table 1) . We then present the results obtained by the stacking technique (example presented in Fig. 4 ) that allows to compare our results with those previously published by Wolfe & Silver (1998) . Table 1 lists, for both the weighted average method and the stacking procedure, the number of events used and the splitting parameters.
Single event analysis
The individual splitting parameters measured at each station can be found in Tables 2 and 3. Fig. 5 presents the map of the individual and stacking splitting measurements. We present in Fig. 6 the distribution of the null measurements for 12 seismic sites: all permanent seismic sites and some PLUME stations. The chosen PLUME stations are characteristic of the backazimuthal coverage observed at the PLUME portable stations. The null measurements are observed for a wide range of backazimuths and are not clustered around the fast/slow directions. This dispersion may be due to the influence of oceanic seismic noise. In this study, interpretation of mantle structure is, therefore, essentially based on good quality non-null measurements.
Marquesas (HIV and TAOE)
The origin of the Marquesas archipelago is still debated since it displays contradictory features. The progression of age of the volcanic edifices along the archipelago (Duncan & McDougall 1974) suggests the presence of a plume close to the Marquesas Fracture Zone, but the absence of recent volcanic activity in this area together with a general island alignment (N40 • W) not parallel to the present Pacific Plate motion (N65 • W) imply a more complex origin for these islands (e.g. Brousse et al. 1990 ). Station HIV is located at ca. 270 km north of the Marquesas Fracture Zone. The fast polarization direction is oriented N74 ± 18 • E (Fig. 5) , close to the fossil spreading direction (N75 • E) and to the Marquesas Fracture Zone orientation, but distinct from the general N40 • W trend of the volcanic island chain. This station unfortunately provided only one well-constrained measurement and thus we cannot exclude possible backazimuthal dependence of splitting parameters. The limited data available at TAOE (recording since December 2004) provides only one null measurement at TAOE for a backazimuth of N264 • E.
Tuamotu (MAT, TPT, TAK, ANA, HAO and REA)
The Tuamotu archipelago is composed of numerous atolls located on a large oceanic plateau. This plateau trends roughly parallel to the Pacific Plate motion but its origin is probably much older than the other Polynesian volcanic alignments, perhaps related to hotspot activity occurring about 50 Ma ago on a young lithosphere close to the Farallon ridge (Ito et al. 1995) . Our results at the Tuamotu stations show large variations of splitting parameters: varies from N53 • W to N106 • W and δt ranges from 0.85 to 2.70 s ( Table 2 and Fig. 5 ). At TPT, which is not running since 1996, a single constrained value was obtained by Russo & Okal (1998) and we did not find any other resolvable splitting with the single event analysis.
All stations except REA and TAK show an average fast polarization direction weighted by σ and σ δ t (Table 1) close to the present Pacific APM direction [ranging between N65 • W and N70 • W depending on the stations location (Gripp & Gordon 2002) ]. Individual measurements display however a rather strong dispersion even within the good quality measurements ( . This dispersion may result either from the presence of two or more horizontal layers of anisotropy and/or from lateral heterogeneities beneath these stations.
REA and TAK (located ca. 140 km south of the Marquesas Fracture Zone) show good quality fast polarization directions close to the orientation of this fracture zone: N74 ± 6 • E and N64 ± 9 • E, respectively. On the other hand, stations MAT and TPT that are closer to this ancient transform fault (ca. 70 and 115 km, respectively) show fast polarization azimuths subparallel to the APM direction (mean parameters in Table 1 ). However, only a single non-null measurement was obtained at both MAT and TPT. Therefore, we cannot conclude that mantle structure related to the Marquesas transform is not present below MAT and TPT.
A difference in both fast polarization orientation (25 • ) and delay time is observed at REA from independent and well-constrained SKS and SKKS measurements. A similar difference on fast polarization direction for SKS and SKKS is observed for the same event at ANA, but the incertitude on the splitting parameters is much larger. Variation in the splitting parameters obtained from SKS and SKKS phases from the same event has been already described in the literature (e.g. Barruol & Hoffmann 1999; Niu & Perez 2004 ) and could result from lowermost mantle anisotropy, since the paths of the two phases are different in D (e.g. Hall et al. 2004) . At REA, both SKKS and SKS piercing points at the core-mantle boundary towards the receiver-side are located east of the Tonga/Fiji subduction zone. For the same event at ANA, the SKKS piercing point is located on the Tonga/Fiji subduction zone, whereas the SKS piercing point is east of the subduction zone.
Gambier-Pitcairn (PTCN and RKT)
Located at the southeasternmost tip of the Tuamotu archipelago, the Gambier Islands have an origin different from that of the Tuamotu atolls. This young volcanic alignment is interpreted as resulting from the activity of the Pitcairn hotspot (e.g. Dupuy et al. 1993; Clouard & Bonneville 2005 . 5 ).
As discussed below, variation of splitting parameters obtained on good quality measurements may be due to the presence of several layers of anisotropy beneath the stations and/or to small-scale lateral variations in the mantle structure. For both stations we observe fast polarization directions similar to the local present-day APM direction, that is around N70 • W. Only PTCN shows some orientation of the fast shear wave close to the E-W direction. A difference between fast polarizations determined from SKS and SKKS phases is also observed at RKT, but this difference is poorly constrained due to the high σ of the measurements.
Society (MA2, PPT and PPTL)
The Society archipelago is aligned along the trend of the present-day Pacific Plate motion and the island ages decrease linearly towards the Society hotspot (e.g. Duncan & McDougall 1976 Table 2 ). (b) Map showing the average splitting parameters obtained at each station from the multi-event stacking technique (grey bars) from Wolfe & Silver (1998) and in black from the Silver & Chan (1991) weighted mean calculation (Table 1) . Together with the new results from the present paper are plotted the measurements obtained from two ocean bottom experiments close to the East Pacific Rise: the MELT (Wolfe & Solomon 1998) and GLIMPSE experiment (Harmon et al. 2004 ). 1991), presently located 70-130 km east of Tahiti (Talandier & Kuster 1976) . Although 15 yr of data have been studied at stations PPT and PPTL on Tahiti Island, we failed to observe any detectable splitting (δt ≤ 0.2 s). This apparent isotropy or weak anisotropy confirms the results from previous studies (e.g. Russo & Okal 1998; Wolfe & Silver 1998; Barruol & Hoffmann 1999) . On Maupiti Island, the northwesternmost island of the Society archipelago, we obtained = 72 ± 5 • E, a direction close to the fossil spreading direction (N75 • E) and to the orientation of the neighboring Marquesas Fracture Zone, although this station (MA2) is more than 100 km away from the fracture zone.
Cook-Austral (RAR, RUR, TBI, RAI and RAP)
The Austral archipelago displays a general alignment parallel to the Pacific Plate motion direction that could suggest a simple origin from the Macdonald hotspot (e.g. Duncan & McDougall 1976 ), but recent geochemical and geophysical data indicate a more complex history implying several short-lived hotspots (Bonneville et al. 2002; Clouard & Bonneville 2005 core-mantle boundary is, located in the vicinity of the Tonga/Fiji subduction zone whereas the SKS piercing point is east of the subduction zone.
Easter Island (RPN)
RPN station on Rapa Nui or Easter Island is located on the Nazca Plate, at ca. 250 km east of the East Pacific Rise. The measured fast polarization directions at RPN vary from N22 • W to N47 • E. We observe a clockwise rotation of the apparent fast polarization direction with an increase of backazimuth. This dependence of the apparent polarization direction to backazimuth and the high dispersion of measurements are characteristic of the presence of several layers of anisotropy with horizontal fast axis below the station.
Mean splitting parameters in French Polynesia
From the individual splitting measurements presented above, we calculated the mean splitting parameters at each station by weighting the results by their uncertainties. We then used these mean splitting parameters to calculate the median values of anisotropy parameters in French Polynesia, which produces an estimate of central tendency of splitting parameters at the scale of the network. We exclude RAR and RPN from this calculation, since RPN is not located on the Pacific Plate and the lithosphere beneath RAR is probably characterized by a fossil spreading direction close to NS (e.g. Viso et al. 2005) . Computing median values assumes inherently that there is only one layer of anisotropy beneath French Polynesia. This helps to characterize the first-order structuration of the shallow mantle beneath the South Pacific. The observed delay times throughout the Polynesian area range from 1.05 to 2.70 s (Table 1 ) with a median value of 1.33 s. The median value for the azimuth of the fast split shear wave is N68 • W. This value accounts for the lower weight of the two extreme values observed at HIV ( = N74 • E) and at MA2 ( = N72 • E). Interestingly, this median value is parallel (<1 • difference) to the mean value of the present-day Pacific APM in French Polynesia (N67 • W) (Gripp & Gordon 2002) . This correlation suggests that the first order signal carried out by the orientation of the SKS fast polarization directions is the deformation induced by the motion of the Pacific Plate relative to the asthenosphere, which is well characterized by the APM in the hotspot frame. This central tendency of fast polarization directions is consistent with Rayleigh wave azimuthal anisotropy observations that also shows an agreement of the fast Rayleigh propagation directions with the plate motion at asthenospheric levels, that is, between 100 and 300 km depth (e.g. Nishimura & Forsyth 1989; Smith et al. 2004; Maggi et al. 2006a) and with numerical modelling of the development of anisotropy by asthenospheric deformation by drag from a moving plate (Tommasi 1998) . Even though these observations suggest that the dominant signal carried out by the orientation of the SKS fast polarization directions is, at first order, the deformation induced by the motion of the Pacific Plate relative to the asthenosphere, we observe variations of the splitting parameters with backazimuth and we show in the following of this paper that these variations are consistent with two-layer models of anisotropy which could explained up to 44 per cent of the observed variations.
Multiple events investigation
As explained above, the 'stacking' technique takes into account several events to find the best and δt parameters compatible with the individual measurements. Stations displaying backazimuthal dependence of the splitting parameters have, however, to be considered with care since this method may then provide unrealistic averages of the splitting parameters. This technique has been shown however to be useful in oceanic environments (Wolfe & Silver 1998 ) since (i) the microseismic noise is generally rather high and may hide the small transverse component of the split phase, (ii) some stations do not provide any resolved splitting with the single event method (such as PPT) and (iii) other stations provide a very limited number of well constrained measurements (such as HIV, MA2, MAT, TPT and RUR). The results obtained from this stacking technique are summarized in Table 1 . They show similar results to the Silver & Chan (1991) average values, except at RPN, RAI and RUR for which large differences ranging from 22 • to 49 • are found.
The multiple events procedure yielded results at RAR and RPN stations (Table 1 ) similar to previous SKS splitting measurements by Wolfe & Silver (1998) and to the fast polarization azimuth deduced from P-wave polarization deviations at RPN (Schulte-Pelkum et al. 2001) . Our measurements at TBI, RKT and TPT are consistent with those of Russo & Okal (1998) . However, at PTCN, our fast direction is hardly compatible (difference of 49 • ) with their observation. Such difference could be due to the fact that we use more events than these authors, and particularly three recent events that provide good quality measurements with trending EW, but also that we did not take into account any direct S phases in the stacking procedure. The apparent isotropy we observe at PPT was already described by previous studies using both the stacking (Russo & Okal 1998; Wolfe & Silver 1998) or the single event methods (Barruol & Hoffmann 1999) .
In the following discussion, we will only consider the results from single event analysis as we have seen that the presence of multiple anisotropic layers is possible beneath French Polynesia.
D I S C U S S I O N
Possible causes of seismic anisotropy in oceanic basins
The simplest model to explain the development of a pervasive fabric (or olivine crystal preferred orientations) invokes shearing of the sublithospheric mantle in response to a velocity gradient between the plate (rigid lithosphere) and the asthenosphere. Progressive cooling of the plate freezes the olivine crystal preferred orientation (CPO) within the plate and results in deepening of the shear zone. This process aligns the olivine [100] axes, and, therefore, the polarization of the fast split shear waves parallel to the absolute plate motion direction. In this model, the observed delay times should thus increase with lithospheric age (Tommasi 1998 ). This simple model is probably not fully appropriate for the Pacific, which suffered an important plate reorganization at the end of Cretaceous (Mammerickx & Sharman 1988; Mayes et al. 1990 ) and changes in the spreading direction during the Oligocene (e.g. Mayes et al. 1990 ). Variations in the APM direction are expected to create different layers of anisotropy, the most superficial one corresponding to the older plate motion and the deepest corresponding to the present-day asthenospheric flow (Tommasi 1998; Rümpker et al. 1999) . The boundary between the two anisotropic layers should lie within the lithosphere, its depth depending on the age of the lithosphere at the time of the change in plate motion. The sublithospheric mantle may be in motion which means that the fast polarization direction is parallel to the vector difference of the lithosphere and the sublithospheric mantle motion (Silver et al. 2001) .
Transform faults may locally perturb the asthenospheric flow since they represent a vertical boundary between lithospheres of different ages and, therefore, of different thicknesses that may locally channel the sublithospheric flow (Sleep 2002) . Hotspot activity and the related mantle upwelling should also modify the sublithospheric flow. Indeed, the rising mantle material may spread beneath the moving lithosphere. The interaction between the upwelling mantle and the horizontal displacement of the lithosphere is proposed to induce a parabolic asthenospheric flow (Ribe & Christensen 1994) , which should be visible in the shear wave splitting measurements if the station coverage is dense enough (Walker et al. 2005b ). The geometrical characteristics of this parabolic flow depend on the velocity of the plate motion and also on the strength of the plume-induced mantle flux (Ribe & Christensen 1994; Ribe & Christensen 1999) . The presence of penetrative partial melt could also produce additional anisotropy in the sublithospheric mantle due to an alignment of melt-rich domains or result in a change in olivine deformation patterns (Holtzman et al. 2003; Fontaine et al. 2005 ). In addition, it has been proposed that mantle plumes may locally destroy or at least modify the lithospheric anisotropy by reheating and thinning of the lithosphere (Sleep 1994; Thoraval et al. 2006) . Melt-rock interaction in the lithospheric mantle, on the other hand, should preserve seismic anisotropy, except in local melt accumulation horizons (Tommasi et al. 2004 ).
Comparison with previous seismic measurements of anisotropy in the Pacific
Seismic refraction experiments performed few decades ago in the northern Pacific yielded Pn azimuthal anisotropy, with fast P-wave velocities parallel to the transform faults and normal to the magnetic lineation, that is, parallel to the palaeospreading direction, suggesting alignment of the olivine [100] axes at high angle from the ridge trend by the asthenospheric flow (Hess 1964) . These fast Pn directions are roughly EW north of Hawaii (Hess 1964; Francis 1969; Raitt et al. 1969 ) and close to N150 • E in the northwestern part of the Pacific (Shimamura & Asada 1983) . Since seismic refraction uses Pn waves travelling within the uppermost part of the lithospheric mantle, this technique is unable to provide information on the deeper structure of the lithosphere and on the asthenospheric flow that could correspond to the present-day plate motion.
Splitting of teleseismic shear waves has been measured at several places in the Pacific basin. In Hawaii, on a 90 Ma old lithosphere, the SKS splitting observations obtained at the GEOSCOPE station KIP (Wolfe & Silver 1998; Barruol & Hoffmann 1999; Walker et al. 2001) provide results compatible with two layers of anisotropy, a lower layer with a fast azimuth parallel to the present-day Pacific APM direction and an upper layer with a fast azimuth close to the palaeospreading direction, therefore, compatible with the fast Pn directions. Experiments deployed in the vicinity of the East Pacific Rise show primarily fast shear wave polarizations parallel to the present spreading direction (Wolfe & Solomon 1998; Harmon et al. 2004) . By using splitting of PS phases from deep Tonga events recorded at North American stations, Su & Park (1994) measured a fast anisotropy orientation close to the APM direction. In French Polynesia, Russo & Okal (1998) perform splitting measurements at four permanent IRIS, GEOSCOPE and CEA/LDG stations and yield NW-SE fast split shear wave directions compatible with an asthenospheric origin, but with rather strong variations from station to station they attribute to short-scale variations in the upper-mantle penetrative structure related to the presence of the hotspot in this area.
Rayleigh wave azimuthal anisotropy provides a way to globally map the Pacific upper mantle with a good vertical sensitivity but with a lateral resolution of several hundreds of kilometres. They are, therefore, complementary to SKS waves that have lateral resolutions of few tens of kilometres but no vertical resolution. The first surface wave anisotropic models derived from few hundred seismic path crossing the Pacific (e.g. Montagner 1985; Nishimura & Forsyth 1988; Nishimura & Forsyth 1989 ) already showed an azimuthal anisotropy correlated to the palaeospreading direction at short periods and a better correlation to the present-day plate motion at longer periods, that is, at greater depth. More recent inversions using several ten thousands of seismic ray paths provide a better lateral resolution in the Pacific ocean and confirm the presence of two layers of anisotropy (Trampert & Woodhouse 2003; Smith et al. 2004 ), but they also give evidence of lateral variations of velocity and anisotropy that could be related to channeling of mantle flow (Montagner 2002) or to hotspot-related mantle upwelling (Maggi et al. 2006a ).
Fossil anisotropy
As the oceanic plate cools, sublithospheric anisotropy is expected to be progressively frozen at the bottom of the lithosphere and the shear zone accommodating the velocity gradient between the plate and the deeper asthenosphere is progressively displaced towards larger depths. If the plate motion direction and velocity are constant through time, anisotropy should be homogeneous over the entire plate and sublithospheric mantle (Tommasi 1998) .
For the Pacific Plate, the orientation of the present-day APM is close to the present-day spreading direction and one can assume that the same geometrical relationship existed before the plate reorganization that occurred roughly at magnetic anomaly 7 (25-26 Ma), (e.g. Mayes et al. 1990) . In this simple model, the lithospheric strain for old (>25 Ma) French Polynesia seafloor, and therefore, the olivine [100] axes, should align close to the palaeoexpansion direction, underlined by the fracture zones.
In the South Pacific, the Marquesas and the Austral Fracture Zones are oriented N75 • E and underline the Pacific-Farallon spreading direction between 100 and 25 Ma. At the proximity of the fracture zones (TBI, TAK, MA2 and HIV) some fast directions (ranging between N64 • E and N83 • E) are observed to be close to the orientation of this frozen tectonic structure, consistent with the presence of a fossil anisotropy in the uppermost mantle. At larger distance from the fracture zones, as for instance at HAO, REA and PTCN, we also observe some fast polarization directions close to the palaeospreading direction (between N74 • E and N85 • E), suggesting that a ENE fossil anisotropy is pervasively present in the lithosphere beneath French Polynesia.
Testing two-layer models: forward approach
The presence of several layers of anisotropy with horizontal fast directions beneath a given station is expected to produce an azimuthal variation of the splitting parameters and δt that are obtained under the assumption of a single anisotropic layer (Silver & Savage 1994; Rümpker et al. 1999) . Such a structure may, therefore, explain the apparent scattering observed at the South Pacific seismic stations. In the Pacific Ocean, two-layer models have been already proposed to explain the apparent variation of splitting parameters observed at station KIP on Oahu Island (Wolfe & Silver 1998; Barruol & Hoffmann 1999; Walker et al. 2001 ). As pointed out by previous studies (e.g. Hartog & Schwartz 2001) , it is theoretically not possible to determine a unique model from observations of apparent splitting parameters without independent constraints. However, use of a priori geophysical constraints, as for instance the plate motion direction, allows determining families of plausible geodynamic models.
In order to compensate for the small number of events for testing the presence of two anisotropic layers beneath French Polynesia, we group the splitting observations over the entire network. This appears appropriate since a two-layer modelling requires better backazimuth coverage than we have at each individual station, and also since we want to decrease the influence of the seismic noise that is inherent in all the individual measurements. Indeed, we observe homogeneous fast split shear wave directions across the network for each range of event backazimuths (Fig. 7) . We use a forward approach to evaluate the presence of two layers of anisotropy beneath French Polynesia considering measurements obtained for five events which provide evidence of splitting at several stations together (RAI, ANA, MA2, TAK, REA, PTCN, HAO, RAP, TBI, RUR and RKT). When two different measurements were available for the same event and at the same station for both SKS and SKKS phases, we decided to use the best-constrained measurement (lowest incertitude of both and δt). We do not include in this approach results from RPN (on the Nazca Plate) and RAR [much older lithosphere with fossil spreading direction presumed to be close to NS (Viso et al. 2005) ]. The present Pacific APM directions at the various seismic stations in French Polynesia range from N65 • W and N72 • W (e.g. Gripp & Gordon 2002) , and the fossil spreading direction using magnetic isochrons is N75 • E (e.g. Müller et al. 1997) . We perform a grid search over the four parameters ( and δt for both the upper and lower layers) to determine the optimum model that may explain the observed backazimuthal variations of the splitting parameters. Following the scheme described by Silver & Savage (1994) and for a dominant signal frequency of 0.1 Hz, we compute the apparent splitting backazimuthal variation for each two-layer model, by varying in each layer the fast directions in steps of 2 • (from 0 • E to 180 • E) and the delay time by steps of 0.2 s (from 0 to 2.6 s, which is our maximum observed value of delay time), providing a total of 1 353 690 models. To determine the 'best-fitting' model we have computed an appropriate misfit function for the two sets of parameters, ( observed − calculated ) 2 /σ 2 + (δt observed − δt calculated ) 2 /σ 2 δ t . The ratio of that function with respect to the one for the best-fitting model ( opt , δt opt ) follows an F distribution, from which we determine the range of parameters that are within the 95 per cent confidence region, and thus acceptable. For each model, we also calculated the coefficient of determination R 2 . As mentioned by Walker et al. (2004) the goal of R 2 is to estimate the degree to which two-layer models fit the splitting observations better than a single-layer model with horizontal fast axis.
where SSd is a sum of squares of the two-layer model misfit and SSo a sum of squares of the single-layer model (with horizontal Figure 7 . Maps of individual splitting measurements obtained at the PLUME and permanent stations for 6 particular events, sorted chronologically from (a) to (f). Circles represent the seismic stations and stars the presumed hotspots locations. The azimuth of the measured fast split direction is marked by the black line, and its length is proportional to the delay time. The maps also show the epicentral distances from the respective events. For some events, the minimum 85 • epicentral distance is located in the middle of the network, explaining the absence of measurements at some stations located too close to the event. The Taiwan event (a) (backazimuth N293 • E) provides high quality signals with consistently absent signal energy on the transverse component across the network (null measurements). The corresponding waveforms were already published in Barruol et al. (2002) . This figure shows that the fast split directions are dependent on the event backazimuth, with fast directions trending ENE-WSW for backazimuths of N320 • E (b) and NW-SE for backazimuths of N260 • E (f). axis).
and
σ and σ δt are the standard deviations of observed splitting parameters and N is the number of splitting measurements (i.e. 28 in our case). R 2 is the fraction of the total sum of squares that is explained. Theoretically and without the presence of seismic noise, this value ranges from 0 (no improvement by the two-layer model) to 1 (perfect fit). However, this number can be negative if the misfit of the single-layer model is lower than the misfit of the two-layer model. The determination coefficient can be biased by the number of independent variables. We therefore, compute a better coefficient, the adjusted R 2 :
where N d is the number of observations (i.e. 2 * N) and k is the number of model parameters. This value is an index and can vary from −∞ to 1. As is done by Walker et al. (2005a) we consider as statistically significant models which have R 2 adjusted > 0.25 (i.e. explaining more than 25 per cent of the variation).
Using the non-null measurements obtained for these five events from all stations except RPN and RAR, we obtained about 1156 models in the 95 per cent confidence region from more than 1 300 000 models. We only used non-null measurements in the twolayer modelling because the wide range of observed null backaz-imuths ( Fig. 6) suggests a swell-related noise influence. We present in Fig. 8 Fig. 9(a) together with the individual splitting measurements. As illustrated in Fig. 9(a) , we observe strong variations in the apparent fast polarization direction with event backazimuth rather than the gradual variation of splitting parameters that would be expected from dipping axis anisotropy, suggesting that such a dipping axis of anisotropy, if present, does not play a dominant role in the observations. Since a unique solution cannot be determined from the splitting measurements alone, we will use in the next subsections additional a priori informations and discuss the quality of fit and plausibility of acceptable classes of models. These models will compare observations to predicted values in the case of (i) fossil and present-day anisotropy contributions, (ii) small-scale convection and (iii) change of APM direction.
Fossil and present-day anisotropy contributions
Two-layer models proposed at KIP by large-scale surface wave tomographic models show that the azimuthal anisotropy within the upper lithosphere of the Pacific correlates well with the ridge spreading directions deduced from the magnetic anomalies whereas at asthenospheric depths, the azimuthal anisotropy is strongly correlated to the current mantle flow directions induced by the plate motion (Montagner & Tanimoto 1991; Smith et al. 2004; Maggi et al. 2006a) . We select in the 1156 models belonging to the 95 per cent confidence region models for which the fast polarization direction in the lower layer is similar than the present-day Pacific APM direction. The best model (TL1 model) is characterized by lower = 114 • E, δt lower = 0.8 s, upper = 66 • E, δt upper = 0.4 s, R 2 = 0.41 and R 2 adjusted = 0.36. Fig. 9(b) shows that the fit is better for the apparent delay times than for the apparent polarization directions, although the dispersion of measured splitting parameters is high.
The best model for a fast anisotropic direction in the lower layer close to the APM have interestingly an upper layer with a fast direction close to the palaeospreading direction underlined by the fracture zones. This idea is in full agreement with the two-layer models observed for instance by surface wave tomography (Montagner & Tanimoto 1991; Smith et al. 2004; Maggi et al. 2006a ).
Sublithospheric instabilities
In the case of a ridge axis with transform faults along the spreading center, numerical simulations from Morency et al. (2005) show that after 16 Ma, cold downgoing instabilities may develop at the base of the lithosphere. The orientation of the EPR ridge is N15 • E. If we assume that these results obtained for plate velocities of 2-4 cm yr -1 are still correct at higher velocities, then the direction of the horizontal simple shear in the asthenosphere is mainly perpendicular to the ridge: N105 • E in the lower layer. Due to the development of convection rolls, there is certain variability in the horizontal simple shear direction at the base of the lithosphere, but the shear direction is still mostly normal to the ridge axis. Additionally, the 3-D numerical simulations of Morency et al. (2005) suggest an upper layer with a direction between 10 and 20 • E from the orientation of the ridge axis for lithospheric ages between 36 and 72 Ma. In the case of the EPR ridge, the direction in the upper layer could be between N25 • E and N35 • E. Assuming that similar instabilities are triggered in the South Pacific with a plate motion faster than the one used in the simulations, the best two-layer model (TL2 model) is characterized by lower = 106 • E, δt lower = 1 s, upper = 28 • E, δt upper = 0.4 s, R 2 = 0.40 and R 2 adjusted = 0.35. The quality of the fit is slightly less good than provided by TL1 model. The apparent splitting parameters obtained from this model are illustrated in Fig. 9(b) together with the observations.
Change in the APM direction
The bend displayed by the Hawaii-Emperor chain is usually interpreted as a record of a change in the Pacific APM at ca. 43 Ma. A similar shift is suggested in French Polynesia at the scale of the Tarava Seamounts (Clouard et al. 2003) , the western part of the chain trends N20 • W and the eastern part N60 • W. We investigated in the 95 per cent confidence region two-layer models with a fast axis direction close to the present-day APM direction (±5 • ) in the lower layer and upper in the range N10 • W-N30 • W. However, we found no model corresponding to these criteria. Thus, as previously suggested by Tommasi (1998) a two-layer model of anisotropy associated with a change in the APM direction from N20 • W to N60 • W at 43 Ma does not seem adequate to explain the observed variations in the splitting parameters.
In summary, we cannot find a unique two-layer model, but our results suggest as follows.
(1) A two-layer structure of anisotropy explains the apparent splitting parameters variations better than a single layer with horizontal fast axis,
(2) An upper mantle with two layers of anisotropy cannot explain the totality of the splitting observations.
Testing plume-related upwelling and parabolic flow patterns
Recent surface wave tomographic models of the Pacific upper mantle (Maggi et al. 2006b ) evidenced cylindrical low velocity anomalies down to at least 400 km depth beneath the Society and Macdonald hotspots that may result from mantle upwellings. These findings are compatible with body wave tomographic models described by Montelli et al. (2004) that argue for a Society hotspot rooted in the lower mantle. These mantle upwellings may spread beneath the lithospheric lid generating a parabolic asthenospheric flow due to a combination of the hotspot radial flow and the shear induced by the overlying plate displacement (Sleep 1990; Kaminski & Ribe 2002) . Predictions from a parabolic asthenospheric flow pattern were compared with splitting data near Hawaii (Walker et al. 2001) , in the Eifel region (Walker et al. 2005b) , in the Yellowstone region (Waite & Schutt 2005) and beneath the Seychelles (Hammond et al. 2005) . Testing such flow pattern in French Polynesia is unfortunately strongly limited by the sparse station coverage that does not provide the necessary short-scale observations, particularly around the hotspots, necessary to constrain the four parameters characterizing the flow field, that is, the plume strength, the plume centre, the plate velocity and the direction of plate motion. In the case of a fast-moving plate such as the Pacific Plate, the parabolic flow is expected to be extremely elongated along the APM direction and only stations above the mantle upwelling may distinguish such a model from that of simple asthenospheric flow. Additional stations such as the broad-band OBS deployed on the head of the hotspot (Suetsugu et al. 2005 ) may help to test this model.
Signature of ancient transform faults
The Marquesas and Austral Fracture zones represent frozen transform faults that were active at the Pacific-Farallon spreading ridge. Lithospheric age variation across these features is of 10-16 and 5-10 Ma, respectively (e.g. Mayes et al. 1990 ). In both cases, the older and therefore, thicker lithosphere lies on the northern side of the fracture zone. Using a simple assumption that the oceanic lithospheric thickness e is related to the plate age t through a relation such as e = 9.1t 0.5 , (e.g . Fowler 1990 ) with e in km, t in Ma and for a thermal diffusivity of 0.804.10 −6 m 2 s −1 , the lithospheric step between the ridge and a 10 Ma old lithosphere should be about 29 km. After 70 Ma, this step should be reduced to ca. 5 km (lower lithospheric layer in Fig. 10 ). This value is obviously a maximum estimate since lateral cooling and secondary convection (e.g. Sleep 2002) will tend to smooth the thermal gradient leading to a constant lithosphere thickness at old ages (e.g. Dumoulin et al. 2001 ). Close to a fracture zone and in the case of a young lithosphere, the asthenospheric flow beneath the lithosphere may be affected by this local relief and the orientation of this flow should be deviated towards the fracture zone direction. This local reorientation of the flow will depend on the wavelength of the relief, and therefore, on the age step across the fracture zone and on the age of the plate. In the case of French Polynesia, the older plate is leading the younger plate and we could expect a lower component of along-fracture-zone flow than in the case of a younger plate leading an older plate. However, some stations may potentially record fracture-zone parallel shear behind the step. Stations TBI and RAI that lie on both sides of the Austral fracture zone display indeed fast split shear waves polarizations deviating from the APM trend towards the fracture zone orientation. In the Society and Tuamotu archipelagoes, stations MA2 and TAK, both on the southern side of the Marquesas Fracture Zone display trending almost parallel to the fracture zone direction, like station HIV in the Marquesas, north of the Marquesas Fracture Zone. Although these observed variations are compatible with two layers of anisotropy, they may also indicate deviations of the asthenospheric flow by a relief of lithosphere-asthenosphere boundary beneath the fracture zone. Finally, these steps might also be the site of initiation of instabilities related to small-scale convection (Morency et al. 2005) .
Small-scale convection beneath the lithosphere
In the case of a fast moving plate (>10 cm yr -1 ), Vidal (2004) argued that small-scale convection may induce 2-D steady rolls with radius ∼150-300 km aligned along the plate motion direction (Haxby & Weissel 1986; Cazenave et al. 1992) . The flow path in these rolls is expected to be helicoidal and may induce randomization of olivine fast axis (Montagner 2002) . Such small-scale instabilities may, therefore, weaken the anisotropy (Montagner 2002) , and lower the delay times in the asthenospheric layer (Harmon et al. 2004) . At station REA, which is away from the hotspots and the Fracture Zones, the average fast direction is roughly EW. This observation is compatible with the EW channel of low anisotropy observed at 200 km depth by surface wave tomography (Montagner 2002; Maggi et al. 2006a ) that was interpreted as resulting from small-scale convection beneath the Pacific. This mechanism was also invoked to explain variation of splitting delay times observed on young seafloor (between 5.5-and 7 Ma) near the southern East Pacific Rise (Harmon et al. 2004) . Small-scale convection may also erode the step in lithospheric thickness associated with the age offset towards the old side of the fracture zone. The influence of the step in lithospheric thickness across a fracture zone should, therefore remain weak. This mechanism was invoked to explain the presence of volcanic islands on the oldest side of the plate near Marquesas Fracture Zone (Sleep 2002) .
Upper mantle apparent isotropy beneath Tahiti
In this study, we went through the whole dataset provided by the two permanent GEOSCOPE and LDG/CEA stations PPT and PPTL installed on Tahiti and we confirmed the apparent isotropy observed at Tahiti that was already described in several papers during the last decade (Russo & Okal 1998; Wolfe & Silver 1998; Barruol & Hoffmann 1999) . We now discuss four possible causes of apparent isotropy beneath Tahiti, taking into account that a combination of several effects is possible.
Vertical olivine [100] axes
The mantle upwelling beneath a hotspot is expected to concentrate the olivine [100] axes close to the vertical direction. This direction being weakly anisotropic within the olivine single crystal (Mainprice et al. 2000) , this would result in the absence of detectable splitting by the vertically propagating SKS waves (Mainprice & Silver 1993) . The upwelling associated to the Society hotspot is rather well resolved in the upper mantle beneath Tahiti by global body wave and surface wave tomography (Montelli et al. 2004; Maggi et al. 2006b ) that show that the minimum radius of this plume-like upwelling is 300 km. Since the center of the presentday location of the active Society hotspot is about 130 km ESE from Tahiti, one can propose that SKS phases recorded at the Tahiti stations sample the Society hotspot mantle upwelling during their propagation in the sublithospheric mantle. However, the analysis of lherzolite xenoliths from Tahiti suggests that the lithosphere should still preserve its anisotropy (Tommasi et al. 2004 ) unless the lithosphere is mechanically eroded.
Two anisotropic layers
The presence of two anisotropic layers, with perpendicular fast axes and similar δt values in each layer, may in principle also result in the absence of detectable anisotropy, the delay acquired within the lower layer being removed by the upper one. Such a structure was proposed for instance at station CAN (Barruol & Hoffmann 1999) and several other stations in Australia (Heintz & Kenneth 2006) , but is likely not valid for French Polynesia since the two layers of anisotropy deduced from SKS splitting, surface waves analyses, and from plate tectonics data are clearly not orthogonal to each other.
Presence of melt
The presence of melt in the upper mantle beneath Tahiti may also explain the apparent isotropy. Recent volcanism dated from 1.0 to 0.5 Ma is observed on Tahiti Island and surface wave tomography shows anomalously low upper-mantle velocities beneath the Society hotspot at depths from 50 to 400 km (Maggi et al. 2006b ). The influence of melt on seismic anisotropy is however debated. On one hand, laboratory experiments suggest that the [100] axis alignment changes in the presence of melt (e.g. Holtzman et al. 2003) . On the other hand, Vauchez & Garrido (2001) have shown from the analysis of olivine preferred orientation in naturally deformed mantle rocks that the asthenospherization of a lithospheric mantle under static conditions seems to preserve the original olivine preferred orientations and, therefore, should not affect the seismic anisotropy. Finally, petrophysical modelling combining olivine lattice preferred orientation (LPO) and anisometric melt pockets (Vauchez et al. 2000) shows the importance of the relative orientation of the melt pockets relative to the solid-state flow microstructure, suggesting that if melt pockets are oriented at high angle to the foliation the two contributions may cancel out, providing an isotropic medium for the direction sampled by the vertically propagating shear wave.
Mantle heterogeneities
The apparent isotropy recorded at Tahiti may finally result from the presence of small-scale heterogeneities beneath the island that might conspire to mask the deformation-induced anisotropic signature. Such heterogeneities in the upper-mantle structure can be related to the magmatism associated to the Society hotspot and/or to smallscale mantle flow variations related to the plume ascent, deflection and spreading.
C O N C L U S I O N
Shear wave splitting measurements were conducted on 18 stations in South Pacific and particularly in French Polynesia in the framework of the PLUME experiment. The goal was to better document uppermantle structure and dynamics beneath this poorly instrumented area. SKS and SKKS phases sampled an oceanic lithosphere with ages varying between 30 and 100 Ma. The observed fast polarization directions, at first order, correlate with the present-day Pacific Plate motion direction, suggesting that the anisotropy is primarily related to the present-day deformation in the asthenosphere beneath the oceanic plate. At few stations, we observe events with fast polarization directions parallel to fracture zones, suggesting that these features may have a long-lasting influence on the observed anisotropy.
We show, however, that the fast shear wave polarization direction depends on event backazimuth and that two layers of anisotropy may explain these variations better than a single layer. Since our backazimuthal coverage is not good enough to obtain a unique twolayer anisotropy model, we combine the observations at the network scale and use additional a priori such as the plate motion direction to constrain the fast polarization azimuth in the lower anisotropic layer. Our preferred model favours a lower layer of anisotropy related to asthenospheric flow controlled by the absolute plate motion in the hotspot frame and an upper anisotropic layer in the lithosphere related to the palaeospreading direction between the Pacific and Farallon Plates before 25 Ma (Fig. 10) . The presence of a twolayer structure of anisotropy in the South Pacific is consistent with observations of the azimuthal anisotropy of surface waves.
Second-order variations of the measured splitting parameters are not explained by apparent and δt predicted by two-layer models of anisotropy, suggesting other perturbations such as mantle plumes, small-scale convection and complications with asthenospheric flow associated with fracture zones.
Despite the availability of a large amount of data (15 yr) at two permanent stations, no splitting measurements have been obtained on Tahiti Island. This apparent isotropy or weak anisotropy may be related to a complex upper-mantle structure induced by the recent magmatism on Tahiti and/or a vertical-mantle flow beneath this island.
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